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ABSTRACT

Adolescent Idiopathic Scoliosis (AIS) is a complex three dimensional deformity the treatment of which remains to be surgical correction of the deformity as it had
progressed over certain thresholds. The main focus in surgical treatment had, for decades, been the amount of correction in the coronal plane whereas corrections in
sagittal and rotational (axial) planes have also been recognized as almost as important as the coronal over the recent decades.

The hypotheses presented and discussed in this study is the virtual adversity between the rates of correction in these two (sagittal and axial) planes. Namely, we
are suggesting that due to an elongated anterior spinal column as an intrinsic component of AIS, posterior surgery cannot correct both the axial plane deformity and
the thoracic hypokyphosis in the sagittal plane at the same time, unless the posterior spinal column is substantially lengthened. This hypothesis is supported by 3D
modeling of the AIS spine as well as the relative inability in changing the sagittal alignment of the thoracic spine demonstrated by a literature search by us.

Understanding and internalization of this hypothesis by AIS surgeons is important as it suggests that by posterior instrumentation, unless a riskier approach of
substantially lengthening the spinal column is taken, surgeons need to make the choice of correcting the hypokyphosis OR axial rotation.

Introduction

Adolescent idiopathic scoliosis (AIS) is a complex three-dimensional
deformity, and the treatment of this disease has evolved considerably
over the past several decades. Currently the gold standard is posterior
instrumentation and fusion, with constructs of mainly pedicle screws,
but at times of hooks or a combination of the two. While initially there
was a focus on achieving maximal correction in the coronal plane,
newer techniques have focused on balancing three-dimensional cor-
rection in the coronal, sagittal, and axial planes.

Single concave rod derotation technique is one of the most fre-
quently used correction maneuver in AIS surgery. The initial hook
based method fell out of favor with the advent of pedicle screw con-
structs, which quickly became the gold standard in posterior scoliosis
surgery. In 2004, Le et al. described direct vertebral body derotation
(DVD) technique [1], that gained popularity after several authors re-
ported better axial correction utilizing this technique [2-5].

Thoracic hypokyphosis is commonly seen as an intrinsic feature in
AIS, and has been described in association with a compensatory de-
creased lumbar lordosis leading to flatback syndrome and disabling
back pain [6-8]. Several authors have recently advocated for sacrificing
some additional correction in the coronal plane in order to more ade-
quately address the sagittal plane [9-11]. While the anterior surgical

approach to treating AIS has shown consistent improvement in thoracic
hypokyphosis in this population, the posterior approach, regardless of
technique, has not shown the consistent ability to correct this intrinsic
deformity [12].

Another feature intrinsic to the AIS spine is a longer anterior spinal
column compared to the posterior. Vertebral bodies and intervertebral
discs both contribute to this length discrepancy in different proportions.
Abnormal vertebral body growth was initially thought to be the reason
for this observation, but more recent studies report that the discs con-
tribute more this length difference, suggesting that it is an adaptation
mechanism to altered spinal loading [13-15] In this context, Watanabe
et al. demonstrated that kyphosis was reduced after complete correction
of the coronal and rotational deformity, in their 3D simulation study.
They suggested that vertebral rotation obtained by pedicle screws bring
the overgrown anterior vertebral walls anteriorly and increase the
length of anterior column at the expense of kyphosis [16].

Despite various individual studies showing good results in the sa-
gittal plane with a posterior surgical approach, the overall results are
discordant and average increases in thoracic kyphosis in case series
range from —13.9 to +20 degrees [17,18]. While there is some lit-
erature indicating good results with of hybrid constructs and various
adjuvant strategies such as in situ bending maneuvers [11,18], rod
rotation maneuvers [19], increased rod stiffness [20,21], and increased
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Table 1
Radiographic outcomes of posterior spinal instrumentation in AIS from 53 original articles included in this study reporting on a total of 3780 patients.

Posterior Spinal Instrumentation in Treatment of AIS: Radiographic Outcomes

Author # of Pts Implant Type/ Comparison Group Sagittal Plane (T5-T12)
Pre-op Post-op Correction
Lae Naveaux et al. 2017 (14) 42 PS 24 + 12 25 + 8 1
Ilharreborde et al. 2017 (15) 35 PS 6 9 13 = 8 7
Elnady et al. 2017 (16) 50 PS 384 + 16.7 297 = 11 -8.7
Badve et al. 2017 (17) 16 PS uniplanar PS 28.8 23.6 —-5.2
20 PS fixed PS 26.6 18 -8.6
Lamerain et al. 2017 (18) 45 PS 18.2 + 10.3 28.2 = 8.4 10
Pesenti et al. 2016 (19) 34 PS 105 = 7.8 241 + 7.2 13.6
Liu et al. 2015 (12) 18 PS low rod stiffness, low screw density 22.7 =71 13.8 £ 5.3 —-8.9
17 PS low rod stiffness, high screw density 20.9 = 4.8 20 += 6.8 -0.9
22 PS high rod stiffness, low screw density 22.6 = 8.96 20.6 = 8 -2
20 PS high rod stiffness, high screw density 22 £ 78 27.1 = 5.7 5.1
Liu et al. 2014 (20) 21 PS 15.6 = 89 15.2 £ 5.7 -0.4
21 HY 19.4 + 10.2 20.9 = 6.5 1.5
Hamzaoglu et al. 2013 (21) 89 PS 18 23 5
La Rosa et al. 2013 (22) 51 HY 21 +3 32 + 4 11
Chaiyamongkol et al. 2013 (3) 52 HY 22.2 = 15.1 27.7 = 7.8 5.5
Crawford et al. 2013 (23) 34 PS 17.5 18 0.5
29 HY 22 17 -5
Clement et al. 2012 (9) 27 HY 9 29 20
Krallis et al. 2012 (24) 43 HY 24 *+ 143 307 £+ 7 6.7
Blondel et al. 2012 (25) 60 HY 18.7 = 8 248 + 6 6.1
Hwang et al. 2012 (26) 56 PS 21.7 = 129 17.3 = 9.0 —-4.4
71 HY 26.3 = 14.1 19.0 = 8.3 -7.3
Yilmaz et al. 2012 (27) 35 PS 22.1 + 13.2 199 * 84 -2.2
35 HY 18.4 = 11.5 20.0 = 8.8 1.6
35 H 20.6 = 10.3 20.6 = 6.8 0
Abul-Kasim et al. 2011 (11) 116 PS 151 * 8.1 19.1 = 6.3 4
Qiu et al. 2011 (10) 24 PS vertebral coplanar alignment 18.3 + 10.5 28.3 = 12.8 10
24 PS vertebral derotation technique 15.5 *+ 12.6 18.4 + 10.3 2.9
Chunguang et al. 2011 (28) 44 PS 20 = 8 25 + 8.0 5
26 PS adjuvant rib resection 204 + 7.8 28.8 + 8.6 8.4
Mladenov et al. 2011 (2) 13 PS simple rod rotation 139 + 9.7 16.4 = 8.3 2.5
17 PS vertebral derotation technique 234 =9 15.2 * 6.9 —-8.2
Basu et al. 2010 (29) 14 PS 24.4 + 121 11.1 = 5.6 -13.3
Newton et al. 2010 (1) 83 PS 23.0 = 12 178 £ 7.6 —-5.2
Ilharreborde et al. 2010 (30) 75 HY 20.8 = 11.8 21.2 = 10 0.4
75 HY universal clamps 20.5 = 9.9 31.8 + 7.4 11.3
Lonner et al. 2009 (31) 34 PS monaxial PS 26 = 11 20 = 7 -6
33 PS polyaxial PS 24 = 12 24 £ 11 0
33 HY 27 13 30 £ 9 3
Fu et al. 2009 (32) 39 H 19.7 = 10.4 21.7 + 5.5 2
25 PS 15.8 + 10.7 13.8 £ 5.4 -2
Sucato et al. 2008 (33) 86 HY 19.3 = 12.7 185 = 10 -0.8
132 H 219 + 13 19 + 84 -29
Clement et al. 2008 (6) 21 HY cantilever reduction 25 + 14 29 + 11 4
23 HY simultaneous translation on 2 rods 17 = 13 30 7 13
Kim et al. 2007 (34) 410 H 239 + 14 193 = 9 -4.6
Lowenstein et al. 2007 (35) 17 PS 29.65 + 13.8 19.35 = 8.5 -10.3
17 HY 26.24 + 11.2 22.42 + 10.4 —-3.8
Vora et al. 2007 (4) 24 H 30 18 -12
23 HY 26 28.5 2.5
25 PS 26 16 -10
Lonner et al. 2006 (36) 23 H 34 £ 10 31 £ 8 -3
Kim et al. 2006 (37) 29 PS 26 = 14 16 + 7 -10
29 HY 30 = 14 24 + 14 -6
Kotwicki et al. 2006 (38) 25 H 18.6 + 11.3 195 £ 7.7 0.9
Suk et al. 2005 (39) 203 PS 18 + 11 23 £ 8 5
Potter et al. 2005 (40) 20 PS 29.4 25 —-4.4
Wong et al. 2004 (41) 19 H 18 = 13 20 = 8 2
Kim et al. 2004 (8) 26 PS 30.6 16.7 -13.9
26 H 27.3 21.6 -5.7
Liljenqvist et al. 2002 (42) 49 H 223 26.2 3.9
50 PS 29.6 27.6 -2
Delorme et al. 2002 (43) 44 H 22 + 14 20 = 13 -2
Bridwell et al. 2002 (44) 44 H 21 £ 11 19 = -2
Rhee et al. 2002 (45) 60 HY 25 21 —4
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Table 1 (continued)
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Posterior Spinal Instrumentation in Treatment of AIS: Radiographic Outcomes

Author # of Pts Implant Type/ Comparison Group Sagittal Plane (T5-T12)
Pre-op Post-op Correction
Wattenbarger et al. 2000 (46) 3 H King 1 Single Rod 31 £ 95 29.7 = 55 -1.3
9 H King 2 Single Rod 23 =+ 8 23 £ 11 0
31 H King 3-5 Single Rod 22.8 = 11 25.7 = 8.8 29
9 H King 1 Dual Rod 319 + 10.4 23 £ 9.8 -89
33 H King 2 Dual Rod 28.2 = 13 26.5 = 11 -1.7
57 H King 3-5 Dual Rod 26.7 = 13 25.0 = 9.6 -1.7
Albers et al. 2000 (47) 21 H 23 + 17 27 £ 16 4
Suk et al. 1999 (48) 17 PS 8.1 + 5.6 27.3 + 11.3 19.2
17 H 41 + 8.6 145 = 10.2 10.4
17 PS 27.3 = 9.8 28 + 13.7 0.7
Betz et al. 1999 (49) 100 H 21 22 1
Papin et al. 1999 (50) 30 H 32 + 18 41 + 13 9
Takahashi et al. 1997 (51) 30 HR 26 + 13 30 £ 8 4
Benli et al. 1996 (52) 45 H 20.7 29.6 8.9
Lenke et al. 1994 (53) 27 H fusion extends to T2 19 18 -1
27 H fusion extends to T4 14 22 8
Mason et al. 1991 (54) 24 HR 22.1 17.4 —4.7
16 H 20.4 20.7 0.3
Bridwell et al. 1990 (55) 84 H Normokyphotic 29 29 0
52 H Hypokyphotic 6 19 9
Richards et al. 1989 (56) 27 H King 2 29 27 -2
26 H King 3 25 22 -3

HR = Harrington Rods, H = Hooks Only, PS = Pedicle Screws, HY = Hybrid Construct

pedicle screw density [22], results have not been consistently re-
producible. In a meta-analysis of 24 articles and 1555 patients, Franic
et al. reported that posterior treatment of AIS resulted in an average
effect of —0.7 = 2.6 degrees of thoracic kyphosis [12]. Another meta-
analysis by Cao et al. reported a positive standard mean difference in
sagittal plane correction, with hybrid constructs being more powerful
than all pedicle screw constructs. However, the reported standard mean
difference of 0.30 indicates a minimal degree of correction (standard
mean difference = increase in kyphosis/ standard deviation) [10]. All
pedicle screw constructs were reported to have tendency to flatten the
thoracic spine, which was not observed in hybrid constructs [23,24].
Posteromedial translation with sublaminar bands has been also shown
to be effective in sagittal alignment restoration of hypokyphotic pa-
tients [25].

Surgical, restoration of the sagittal plane, especially posterior sur-
gery, has indeed been investigated, and the inability to do so has been
mostly attributed to specific conditions such as the correction techni-
ques used (some potentially being better than the others), rod stiffness,
pedicle screw density and like [11,18-22]. We are writing this to in-
troduce an hypothesis that these factors, albeit being of some partial
importance, conceal the real reason of our inability to correct hypo-
kyphosis by posterior surgery, significantly more so with an increased
axial rotation correction, as being the pathoanatomic increased length
of the anterior column in AIS.

Hypothesis

We hypothesized that, since the anterior spinal column length is
longer than the posterior column in AIS patients, vertebral rotation
techniques, actually give rise to a decrease in thoracic kyphosis. Our
reasoning follows an analogy of lumbar spinal deformity in which a
rotatory subluxation, decreasing the effective length of the anterior
column leads to a sudden collapse into kyphosis. Following this line of
thought, as the anterior spinal column had become longer than the
posterior (through several potential mechanisms discussed above) in
the thoracic spine affected by AIS, the observed kyphotic alignment
needs to be a function of the axial rotation (torsion) of this region. In
this regard, correcting this torsion should lead to a lordotic alignment.

This effect is the opposite of what is desired in sagittal correction of
hypokyphotic AIS patients. The exceptions to this phenomenon would
be a surgery induced decrease in the length of the anterior column
which is achievable through anterior correction of AIS or a surgery
induced lengthening of the posterior column through posterior column
osteotomies. The former is well described in the literature [12,26]. For
the latter though, we only have the work by Watanabe and coworkers
who had demonstrated that for comparable coronal plane correction
rates, posterior surgery lengthens the spinal column significantly more
compared to anterior surgery [27]. This lengthening effect might be
virtually undesirable because of the potential danger to neural elements
it may introduce.

Evaluation of the hypothesis

Our hypothesis may be proven by a prospective three dimensional
analysis (by means of 3D modelling by computerized tomography) of a
series of AIS patients pre and postoperatively. Whereas, such a study
would introduce unnecessary doses of ionizing radiation to the patients
involved for research purposes and thus be unethical. Lower dose so-
lutions such as the EOS system (R) may be alternatives to CT in the near
future so as to provide proof to our end. Another alternative would be
utilizing an accurate finite element model of the scoliotic spine with all
boney and soft tissue structures which does not exist at the time being.
These being the tokens of our inability in providing a direct proof to our
hypothesis, we reverted to a systematic literature review in order to
obtain indirect evidence on the inability of posterior instrumentation
techniques regardless of the correction maneuver used, in restoring
thoracic kyphosis in AIS patients treated with posterior instrumentation
and fusion.

Studies on the use of posterior instrumentation in the surgical cor-
rection of adolescent idiopathic scoliosis which reported on pre and
post-operative sagittal cobb angles (T5-T12), enrolled at least 10 pa-
tients, and had follow up of at least 12 months were evaluated in this
analysis. PubMed database was searched using the keywords “adoles-
cent idiopathic scoliosis,” “posterior,” and “sagittal.” 330 articles were
initially identified, and review of the titles and abstracts was under-
taken to identify eligible articles for further full text assessment. A total
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Table 2
Pooled sagittal deformity correction for posterior instrumentation in the
treatment of AIS.

Pooled Sagittal Plane Deformity Correction [N = 3780]

Avg. Pre-op Sagittal Cobb (*) 221
Avg. Post-op Sagittal Cobb (*) 22.6
Avg. Correction (°) 0.5 [—13.9 to +20]

of 53 unique articles ultimately met inclusion criteria and were further
evaluated (Table 1) [6-9,11,17-21,23-25,28-67].

The pooled analysis of outcomes reported in the literature with
posterior instrumentation and fusion for AIS indicate the overall cor-
rection achieved is minimally positive, and not likely to be clinically
significant. These results are based on analysis of 3780 total patients,
and show an overall average increase in thoracic kyphosis of 0.5 = 6.8
degrees (Table 2). 54 underwent instrumentation with Harrington rods
(HR), 1484 with constructs relying only on hooks (H), 1411 with
pedicle screw (PS) constructs, and 831 with hybrid (HY) constructs.
Subgroup analysis revealed an increase of 0.4 + 7.4 degrees in the PS
group, 3.0 = 7.1 in the HY group, and —1.0 = 4.9 in the H group
(Table 3). These results provide indirect support to our hypotheses that
regardless of the type of implants (and potentially the correction
technique) posterior surgery in AIS cannot correct the hypokyphotic
thoracic sagittal alignment. The hypothesized specific inverse relation
between the amount of correction in axial rotation (derotation) and an
increase in hypokyphosis could not be demonstrated with the available
data.

Discussion and consequences of our hypothesis

The results of our systematic review of the literature show that
overall increase in thoracic kyphosis was only 0.5 * 6.8 degrees in AIS
patients who underwent posterior instrumentation based hooks, pedicle
screws and hybrid constructs. Subgroup analysis revealed that, the in-
crease was 3.0 + 7.1 degrees and highest in HY group, 0.4 = 7.4
degrees in the PS group, and —1.0 * 4.9 degrees in the H group.
Despite the evolution of techniques and implants over the years, there
has been a failure to provide consistent results in the sagittal plane.

Firstly, the relative lengthening of the anterior column in AIS pa-
tients in the course of the deformity development and progression is a
recognized phenomenon. Dickson et al. hypothesized that increased
anterior vertebral height at the apex of the curve with posterior end-
plate irregularity, median plane asymmetry, is the primary mechanism
of scoliosis development. Thoracic hypokyphosis results in buckling of
the spine and coronal plane deformity [68,69]. Guo et al. reported re-
lative anterior spinal overgrowth in AIS patients according to age-
matched controls, which mainly occurs by enchondral ossification [70].
Recent studies demonstrated that discs have greater effect on length
difference between anterior and posterior spinal column than the ver-
tebral bodies, suggesting that it is an adaptation mechanism, as de-
scribed in Hueter-Volkmann’s law, to altered spinal loading rather than
primary growth disturbance. In this case, abnormal vertebral growth is
a consequence rather than the cause of the deformity [14,15]. In a 3D
simulation study, Watanabe et al. reported that kyphosis was reduced
after complete correction of the coronal and rotational deformity, but it

Table 3
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was maintained after coronal only correction. They suggested that
vertebral derotation causes hypokyphosis of the thoracic spine [16].

Secondly, the inability to restore the sagittal alignment by posterior
column surgery in AIS is a problem that is widely recognized. While
axial correction improves the cosmetic appearance by reducing the rib
hump, thoracic kyphosis correction improves cervical and lumbar bal-
ance and reduces the risk of proximal junctional kyphosis and flat back
syndrome [25,71,72]. Mladenov et al. reported significantly decreased
thoracic kyphosis and lomber lordosis with DVD while they were re-
mained unchanged with single rod derotation maneuver. They sug-
gested that decreased thoracic kyphosis and lumbar lordosis should be
considered in preoperative planning of AIS with DVR. They re-
commended ultra-hard rods or maneuvers that pull concave side pos-
teriorly to preserve the sagittal alignment of AIS patients [7].

Based on these, it is a wonder why these two bits of information had
not been utilized together as the cause and consequence to this date; the
inability to restore the sagittal alignment with posterior surgery is the
length of the anterior column being longer than the posterior.
Recognition of this causality as outlined as an hypothesis here should be
expected to have implications on surgical treatment of AIS. As a rule of
thumb, in order for a region of the spine to become kyphotic, the
anterior column of that region should be rendered shorter than the
posterior column. Since as a characteristic of the disease, it is not, the
two treatment options would be either shortening of the anterior
column so that it becomes shorter than posterior or lengthening the
posterior column so that it becomes longer than anterior. Shortening of
the anterior column would call for an anterior surgery as the treatment
modality or a part of it and in fact it is very well established that this
modality is associated with successful restoration of thoracic kyphosis
in AIS [12,26]. For the latter option, as we know that some lengthening
happens unintendedly anyway [27], the question becomes whether the
surgeons should further this spontaneous lengthening in order to
achieve a perfect correction of the spinal shape and alignment (pre-
sumably by excision of the facet joint capsules and ligamentum flavum
at various levels), or settle for a less than ideal correction, both deci-
sions based on what may be more important for the patient;

e Do we want as much correction as possible by lengthening of the
spinal column (and thereby potentially increasing the risk of neu-
rological complications)?

o If not necessarily, which aspect should be compromised?

e Should we accept a less than possible rotational correction with
residual rib hump for the sake of a more kyphotic thoracic spine? or,

e Should we attempt for a full correction of the rotational deformity
and accept thoracic flatback?

In this context, understanding our hypothesis and its clinical im-
plications may prove to be invaluable for improved communications
between AIS deformity surgeons and patients and families and in de-
veloping a common comprehension of the shape of the patients spinal
column following surgery as well as the inherent risks associated with
the attainment of a ‘perfect’ correction.
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